INTRODUCTION
The number of invasions by non-indigenous marine invertebrate species in the Pacific Northwest has increased steadily over the last few decades, posing a threat to native biodiversity and ecosystem function (Wonham and Carlton 2005) . Because many marine invertebrates have complex life cycles that include both benthic and pelagic stages, once an invader has established it becomes almost impossible to prevent further spread of the species. Identifying the life history characteristics that contribute to invasion success is crucial to understanding why only some invaders succeed (i.e., establish abundant, sustainable popula tions), or are more successful, and for identifying species that may be poised to invade, and which might exert the greatest impacts.
Although matrix demographic analysis has long been a popular tool in population and community ecology, including studies of marine systems (Crouse et al. importance of the different life history stages for total population growth can be determined using sensitivity and elasticity analyses. These analyses determine the total (sensitivity) and proportional (elasticity) contribu tions of each life history stage and vital rate (i.e., reproduction, growth, survival) to population growth.
Life table response experiments can also be conducted to investigate the response of a species life table (or set of vital rates) to experimental treatments (Caswell 2001) , different habitats, or harvesting regimes (Miller 2001) .
In this study, we investigate the invasion of the varnish clam (Nuttallia obscurata) in coastal British Columbia, Canada (BC). We use capture-mark-recap ture methods to determine growth and survival rates, along with field collections to determine size-dependent reproductive contributions, and combine these data in a multi-state matrix demographic model. The varnish clam (Nuttallia obscurata; Reeve 1857) was first reported in the Pacific Northwest in Semiahmoo Bay (Wash ington), near Vancouver BC in 1991 (Forsyth 1993) .
Originally native to Korea, China, and southern Japan, the varnish clam is suspected to have been introduced to coastal BC via ballast water disposal in Vancouver Harbor (Gillespie et al. 1999) . Since its introduction the varnish clam has spread rapidly throughout BC and the U.S. Pacific Northwest, attaining adult densities of up to 800 clams/m2 (Dudas 2005) . The impacts of this invasion are still largely unknown. The varnish clam serves as a new prey source for many local predators, particularly crabs that show preference for the invader over local species when burial depth is limited (Dudas et al. 2005) . High densities of invader prey have the potential to increase predator populations (Byers 2005) and could impact local communities. Furthermore, the high densities the varnish clam attains and large populations are likely to impact the physical and chemical composition of the sediment and nutrient fluxes although this has not yet been studied.
Understanding the life history characteristics most influential in the varnish clam invasion is crucial for determining the reasons for its success and assessing future impacts. Life table response experiments can be used to examine differences between invader popula tions and observe how they vary spatiotemporally. For marine invertebrate invaders with both a benthic and pelagic life history stage matrix analyses can also be used to assess the importance of pre-(e.g., larval supply) and post-settlement processes (e.g., predation) to recruit ment to adult populations and subsequent population growth (i.e., by observing how sensitive population growth rates are to changes in recruitment). Annual varnish clam population surveys (Dudas 2005 ) indicate that population size-structure and recruitment vary between populations in coastal BC Within this context of population survey information, matrix demographic analysis can be used as a tool to investigate the recruitment levels necessary to create the annual length-frequency distribution observed. The main goals of our analyses were to (1) determine which life history stage(s) is most crucial to population growth, (2) compare the growth rates of two populations and determine which life history stage(s) contributed to observed differences, (3) conduct population projections to investigate the plausibility of different recruitment scenarios, and (4) determine how these various factors affect population dynamics.
METHODS

Study site
Capture-mark-recapture studies were conducted at two sites in British Columbia, Canada. One site was located in Bamberton Provincial Park (hereafter referred to as Bamberton; 48°36'20/1 N, 123°31'14/1 W) in Saanich Inlet on the east site of Vancouver Island, Canada, while the other was located at Robbers Passage (48°53'48/1 N, 125°7' 14/1 W), in Barkley Sound on the west coast of Vancouver Island. Bamberton is a protected beach that was likely invaded shortly after the initial introduction near Vancouver (first record in 1994 [Merilees and Gillespie 1995] ). Robbers .Passage is a more exposed site several hundred kilometers away, and presumably the result of a more recent invasion (first record in 2000) .
Field methods
Mark-recapture methods were used to calculate growth and survival rates of the varnish clam popula tions at Robbers Passage and Bamberton. Approxi mately 600 clams ranging in size from 10 to 65 mm were marked at each site in May 2003 (using permanent ink markers and then sealed with cyanoacrylate glue).
Clams �30 mm in length were marked and reburied in the field on the same day. Clams <30 mm in length were too time-consuming to mark during one low tide.
Therefore the clams were marked in the lab, placed in flowing seawater once the marks had dried, and then returned to the field the following day. Mark-recapture plots (one at each site) were approximately 4 X 1 m in size, situated between 1. 6 and 1.8 m above chart datum.
Clams were recaptured and their growth increments 
Survival and growth transition rate analysis
Survival and growth transition rates were determined using capture-mark-recapture (CMR) methods (Lebre ton et al. 1992) implemented in the software program MARK (White and Burnham 1999) . In CMR analysis, live recaptures can be used to determine survival and recapture rates using the Cormack-Jolly-Seber (CJS)
model. The CJS model assumes that (I) all individuals FIG. 1. Life cycle graph for the varnish clam (Nuttallia ohscurata) transition matrix. Key: G;, probability of surviving and growing to size class i + 1 in one year (size class 1 also includes the probability of growing i + 2, 1 --> 3); P;, probability of surviving and remaining in size class i in one year; F;, reproductive contribution of size class i.
have the same probability of recapture, (2) all individ uals in the same size class have the same probability of survival from one interval to the next, (3) marks are not lost between captures or missed during recapture, and (4) all samples are instantaneous and each release is made immediately after sampling (Pollock et al. 1990 ).
Deviations from these assumptions can lead to over dispersion. We tested for overdispersion using the bootstrap routine in MARK using a fully size-and time-dependent model for each site (using two size classes, <30 mm and 2:30 mm, for each site). More than 500 bootstrap simulations were conducted to determine the overdispersion factor, C, for each population separately and then C was used to adjust the variances and confidence intervals to account for this over dispersion (Burnham and Anderson 1998 ).
The CJS model can be expanded to include a growth parameter to examine how individuals move between size classes (Brownie et al. 1993) . The multi-state CMR model was used to investigate size, site, and time dependence in survival rates, recapture rates, and growth transition rates. Although goodness-of-fit tests are being developed for this type of model (Pradel et al. 2003 
Matrix model
Deterministic size-class matrix models were developed for each site. Five size classes were chosen based on size dependent differences in survival and fecundity. Tran sitions between size classes were described in a transition matrix CA) and projected according to the following equation (Caswell 200 I):
where A is a matrix of au's; net) is size-class abundance at time t; net + I) is size-class abundance at time t + I; and au represents the transition probability of size class i to size class j through growth, survival, and fecundity to (Grant et al. 1998 , Marshall et al. 2004 ) and a recruitment rate: F = (sex ratio X fecundity X 0.50) X (recruitment rate). For recruitment rates, literature values were used as a starting point.
Bivalve studies report highly variable (but universally low) recruitment rates with only 0.001-0.0001 % of larvae reaching settlement (Brousseau 1978) , and only 0.001-0.0001 recruits per egg spawned (Beukema et al. 1998 ). To determine a realistic recruitment estimate the population was projected by one year using the transition matrix and a range of recruitment rates (1 X 10-5 to 1 X 10-9). The predicted size distribution from the one year projection was then compared to the observed length-frequency distributions. Because annu al population surveys were also conducted at Robbers Passage and Bamberton we used this information to construct more precise estimates of recruitment at this site (see Brousseau and Baglivo [1982] for a similar approach). We determined the recruitment rate that minimized the differences between the observed size class distributions and the predicted size-class distribu tions based on the transition matrix, using the SOLVER routine in Excel (Microsoft, Redmond, Washington, USA), which uses a nonlinear optimization code. In a separate run of the matrix model, SOLVER was also used to vary both the growth transition (G) and the survival (P) rates at Robbers Passage to investigate the influence of uncertainty or variation in these estimates.
This enabled us to examine how changes in observed growth transition and survival rates would influence the sensitivities and elasticities from the matrix model. SOLVER was used to obtain the growth transition and survival rates that minimized the combined differ ences (i.e., for 2002 and 2003) between observed and predicted size-class distributions.
Because the varnish clam has a planktonic larval stage and a benthic adult stage adult population dynamics may be decoupled from larval dynamics, with local fecundity exerting only minor effects on population growth and recruitment (Hughes 1990) . For this study, we assumed that the reproductive contribution of the adults (based on the site-specific adult fecundities and sex ratios, and the ' assumed fertilization and recruitment rates) is represen tative of the contribution from all larval sources (i.e., both local and regional) from which the population receives recruits. Because we were able to use field observations of population size structure and density to estimate local recruitment levels (as part of the reproductive contribu tion, F) we feel this is a realistic assumption in this case.
Violation of this assumption will have greater impacts on the population growth rate values obtained by this model if the sensitivity and elasticity values for the reproductive contribution are high.
To investigate seasonal differences in survival and growth, time intervals in MARK were set to calculate summer (May-September) and winter (October-April) survival, recapture, and growth transition rates. Survival rates were partitioned into those that survived and grew to the next size class (G = survival rate X growth transition rate) and those that survived but remained in the same size class (P = survival rate X (l -growth transition rate)).
For the matrix model (with a one-year time-step projection) yearly growth (G) and survival (P) values were calculated by eliminating time dependence in the multi-state CMR model. Because all size class 1 clams from Robbers Passage grew to size class 3 in one year, the yearly growth transition from I to 2 in this model actually represents the number of individuals that grew from size class 1 to size class 3. The clams that transition from size class 1 to size class 3 are also accounted for in the size class 2-3 growth transition estimates in the yearly time intervals in MARK. Therefore, the size class 2-3 growth transition estimates include clams that grew from size class 1 to 3 in addition to those that grew from size class 2 to 3. To account for this influence in the 2-3 size-class growth transition rate, the number of size class 1 clams was determined from the raw data and subsequently removed from the 2-3 growth transition rate used in matrix calculations. This correction adjusts the 2-3 size-class growth transition rate so that it represents only those that started in size class 2 at the beginning of the study period (as in all other size classes).
Sensitivity analysis demonstrates how changes in the matrix elements aij, affect the population growth rate. 
RESULTS
Capture-mark-recapture model
Model selection showed that survival, recapture, and growth transitions were all size, site, and time depen dent, with the effects of site and time being additive for survival (i.e., one site consistently has higher or lower survival over time for a size class; Table I ). Comparison of survival rates ( Fig. 2A ) between sites shows higher survival for clams <30 mm in length at Robbers Passage and higher survival for clams ::;'30 mm in length at Bamberton. Recapture rates differed slightly between sites, with higher rates at Bamberton (Fig. 2B ). All growth transition estimates were higher at Robbers Passage, indicating faster growth rates at this site (Fig.   2C ). For size-class I clams, survival was higher in the summer months and for size classes ::;.2 survival rates were slightly lower ( Fig. 2A) . Recapture rates were variable between size class and season but were higher for size classes ::;'3-4. Growth transition rates were higher for size classes :S;2-3 and tended to be higher in the summer months (Fig. 2C) .
Matrix model
The transition matrices and associated recruitment rates used to project the popUlations for Robbers
Passage and Bamberton are shown in Appendix: (Fig. 3A, B , E, F [left-hand panels] ). Because of these high values, the larger size classes also had the highest combined sensitivities and elasticities (Fig. 3C, D (Fig. 4A) . However, site differences in the survival of the 40-50 mm size class had the largest contribution to between-site differences in population growth (Fig. 4B) . Individual growth and survival rates are likely to vary temporally; therefore the influence of changes in these matrix elements on the results was investigated. To test the robustness of the sensitivities and elasticities to changes in growth and survival rates the SOLVER routine was used to vary these rates in the transition matrix to produce the most accurate size-class distribution predictions for Robbers Passage for [2001] [2002] [2003] . This produced the highest similarity between observed and predicted size-class distributions (PS = 93-94% for [2002] [2003] . However, the rates that provided the best fit were unrealistic (e.g., survival rate of 100% for small size classes). Despite the changes in growth and survival rates, the larger size _ classes maintained their highest sensitivities and elasticities.
Recruitment scenarios
The most accurate size-class abundance predictions 
DISCUSSION
Identifying the most important life history character istics for invasion success has long been a key objective of invasion biology (Barrett and Richardson 1986, Ehrlich 1986) . While characteristics such as fast growth rate, high fecundity, and a wide range of environmental tolerances (Ehrlich 1986 ) are likely to apply to many invaders, identifying the most crucial life history stage for specific invasions is essential for addressing conser vation and mitigation concerns (Caswell 2001) , and for determining where to focus future research efforts fecundity or recruitment (Nakaoka 1997 , Svensson et al. 2004 ).
Because adult survival is so important to population growth the adult characteristics of the varnish clam will Robbers Passage (top panels) and Bamberton (bottom panels). Fi is the reproductive rate for size class i , Pi is the survival rate for size class i , GI+ is the growth rate from size class 1-3, and Gi is the growth rate from size class ito i + l.
be the most influential in the species' success. For instance, varnish clam morphology (i.e., thin shell, compressed shape) increases its vulnerability to preda tion , but also increases its burial efficiency (Nel et al. 2001) . Similarly, its deeper burial depth decreases the varnish clam's accessibility to predators (Byers 2002 , while increasing its ability to live high in the intertidal zone, which consequently decreases its exposure to predators (Parker 2000) . Based on the life table response experiment, between-site differences in popu lation growth rates are due to the contribution of survival rate differences in 40-50 mm clams. Interest ingly, the largest differences in the transition matrix elements occurred between reproductive contributions (F) of clams that were ;::: 50 mm (Fig. 4A) . Although the difference in reproductive contributions between the sites was twice that of the 40-50 mm clam survival rates, differences in survival rates contributed the most to population growth rate differences between sites.
Varnish clam populations experience highly variable levels of recruitment, ranging from regular annual recruitment (Bamberton), to relatively low levels of annual recruitment, or episodic pulses of recruitment interspersed with years of no recruitment (Robbers Passage). The ability of bivalves to sustain populations in fluctuating environments even in the face of highly variable recruitment levels has been previously demon strated in a long-term study of Yo/dia notabilis (Nakaoka 1993 ). This population was maintained by recruitment pulses once every few years that were large enough to cause increases in population size (A > I).
Varnish clam recruitment is variable in both Puget
Sound (Selleck 2003) and in its home range (Miyawaki and Sekiguchi 2000) , and presumably in coastal BC, as well. The varnish clam has a life span of at least six years; therefore populations are likely to be sustainable from occasional years of successful recruitment. For example, if recruitment increased to 3.5 X 10-6 and 7 X 10-5 at Robbers Passage and Bamberton respectively, A becomes ;::: I for both populations. Fluctuating growth transition and survival rates can also increase A. Increasing these rates by 38% and 20% yielded a A = I
for Robbers Passage and Bamberton, respectively.
Variation in both pre-settlement (e.g., larval supply) and post-settlement (e.g., resource competition, preda tion, physical disturbance) processes cause variation in adult population size (Thorson 1950) and are important in structuring communities (Olaffson et al. 1994) . The native range show that where larval supply and settlement are high (i.e., similar to Bamberton), post settlement processes determined adult population char acteristics (Sekiguchi et al. 1995) .
Based on the relatively small damping ratios, neither population appears to be close to reaching its stable size class structure. Therefore these populations may be influenced by transient dynamics that may differ from asymptotic or long-term behavior at the stable size distribution (Horvitz and Schemske 1995) . Transient behavior may influence the accuracy of the matrix model results (e.g., population growth rate, sensitivity), which are based on populations that have reached a stable size distribution.
One drawback of deterministic matrix models is the assumption that vital rates remain constant over time (Caswell 200 I) . Thus, uncertainty and plasticity in these rates are not accounted for (Miller 200 I) . Stochasticity can be incorporated into these rates through matrix or element selection (Kaye 2001) , thereby allowing vital rates to vary temporally. The results of incorporating stochasticity can vary greatly depending on the choice of probability distribution that is assumed (Nakaoka 1997) . Because of the short duration of this study, however, it was not possible to incorporate variation in vital rates. Nevertheless, the observed vital rates do appear to be robust against variation, given the consistently high sensitivities and elasticities observed for the large size classes, even when growth transition and survival rates were allowed to vary. 
